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Current practice in the design of eddy current probes calls for an 
optimum balance between detection sensitivity and false rejection of test 
pieces. Naturally, designers have emphasized improving the sensitivity and 
signal-to-noise ratio of eddy current probes to achieve these goals. As 
progress has been made in mathematical modeling of eddy current flaw 
signals, it has become possible to consider designing probes for specific 
functions and workpieces. It is now recognized that probes of different 
design might be required for detection and inversion. The study described 
here is one of the first instances in which an eddy current probe was 
designed specifically for inversion. This has involved balancing an 
entirely different set of constraints than those that must be optimized for 
a probe intended for detecting flaws. 
The theory we use for inversion is one developed by B. A. Auld and his 
co-workers at Stanford University for the interaction of a uniform field 
with a three-dimensional flaw [1]. The use of a uniform field to 
interrogate flaws greatly simplifies the calculation of flaw responses. 
Quantitative comparisons of experimental measurements with the predictions 
of this theory were first reported in 1985 by Smith [2]. He used an eddy 
current probe described as having an "essentially uniform" field distribu-
tion and found excellent agreement between measured and predicted signals. 
In this paper we describe our efforts to design a uniform field eddy 
current (UFEC) probe optimized for quantitative inversion of flaw signals 
using the uniform field theory. We characterized the probe's field 
uniformity by two-dimensional field mapping and studied its sensitivity to 
liftoff, tilt, and the proximity of edges. Measurement methods for flaws 
are described and illustrated with results on a series of semi-elliptical 
EDM slots in Ti-6A~-4V. A companion paper describes in detail extensive 
experiments on both real and simulated surface flaws, the calibration 
procedures that were used, and inversion results [3]. 
*Contribution of the National Bureau of Standards; not subject to 
copyright in the United States. 
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PROBE DESIGN 
Auld's theoretical model [1] for the interaction of a uniform magnetic 
field with a three-dimensional flaw makes several assumptions, and this 
imposes certain constraints on the probe design. First, the interrogating 
magnetic field must be uniform in an area that is larger than the flaw. It 
is difficult to estimate the degree of field uniformity required for 
adequate agreement between theory and experiment, but we sought to achieve 
a variability no greater than 10 percent over the active region of the 
probe. Second, the theory assumes a/6 >> 1, where a is the crack depth and 
6 is the skin depth. Usually, a/6 = 2 is assumed to be adequate to meet 
this criterion. For small flaws in low-conductivity materials, this 
requires high-frequency operation of the probe. A third constraint, that 
the probe operate far below its self-resonant frequency, was found 
necessary to control measurement precision. Initial measurements with 
prototypes showed that the scatter in flaw signal measurements was 
acceptable as long as the phase angle of the probe impedance e ~ 80°. 
The necessity for the probe to have a large area of uniformity, a 
strong magnetic field, and high-frequency operation produce competing 
effects. Increasing the number of turns on the probe increases the 
magnetic-field intensity between the pole tips and thus improves probe 
sensitivity. Unfortunately, this increases the probe's inductance, which 
lowers the resonant frequency. Enlarging the uniform-field area decreases 
the field's strength and, thereby, the probe's sensitivity and resonant 
frequency. 
To induce a uniform flow of current across the flaw, an appropriate 
size and uniformity of the field are essential. In operation, the flaw is 
aligned parallel to the magnetic field, so that the area of uniform 
magnetic field must be longer in the field direction than. the .largest flaw 
to be measured. The area of uniformity must also be wider than the 
diameter of the calibration recesses, which were about 0.8 mm in diameter. 
Any increase in these dimensions relaxes the degree of accuracy necessary 
in positioning the probe. We assumed that the pole-tip spacing would have 
to be only slightly larger than the longest flaw to be measured; this fixed 
the size of the ferrite. To produce a large area of uniformity, we shaped 
the poles of a horseshoe-shaped ferrite, as shown in Fig. 1. The curving, 
chamfered edges of the pole tips were produced with a conical grinding 
tool. 
The theoretical requirement that a/6 >> 1 was used to establish the 
upper and lower frequency bounds for the probe. To achieve a/6 = 2 
for the lowest conductivity material we intended to test (Ti-6Ai-4V, 
a = 5.9 x 105 S/m) and the smallest flaw that we wished to measure 
(a = 0.33 mm) required operation of the probe at 15 MHz. We chose as a 
design goal a self-resonant frequency for the probe of 18 MHz, slightly 
higher than the required operating frequency. Assuming a lead capacitance 
Fig. 1. 
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Schematic of the UFEC probe showing a) the horseshoe-shaped 
ferrite probe body with shaped and chamfered pole tips and b) a 
plan view of the probe's footprint. 
of 30 pF and a resonant frequency of 18 MHz, we calculated that the probe 
would require an inductance of 100 ~H. To estimate the number of turns 
that would be required to obtain this inductance, we used an equation for 
the inductance of a ferromagnetic toroid with a narrow gap: 
L = C ( 1 ) ~0(2nr0 - lg) + ~lg 
where L is inductance, ~0 is the permeability of free space, ~ is the 
permeability of the ferrite, N is the number of turns, r 0 is the me~n 
radius of the toroid, lg is the length of the gap, and C = 6.4 x 10 5 is a 
geometrical factor. We arrived at an estimate of 57 turns for the ferrite 
we used (~r = 1500). 
Since we wished to be able to study a wide variety of materials with 
conductivities ranging over two orders of magnitude, we fixed a 
low-frequency operating limit for the probe of 0.5 MHz by determining the 
frequency required to achieve a/o = 2 for the smallest flaw ~a = 0.27 mm) 
in the highest conductivity material, 7075 Ai (o = 1.87 x 10 S/m). 
When we began to fabricate and test probes, we found that 57 turns on 
the ferrite did not give a strong enough magnetic-field intensity to pro-
duce adequate flaw signals. Furthermore, we had underestimated the amount 
of lead capacitance. By increasing the number of turns to 70, we were able 
to obtain adequate flaw signals (~Z = 10-60 n at 8 MHz) and a resonant fre-
quency of 12.5 MHz. However, at frequencies below 2 MHz, the flaw signals 
became smaller and the signal-to-noise ratio fell below 10. In the end, we 
found it necessary to build two probes to cover the desired frequency 
range. NBS I, the low frequency probe, operated between 0.5 and 4 MHz; NBS 
II, the high frequency probe, operated from 2 to 8 MHz. Mechanical and 
electrical parameters for the two probes are given in Table 1. 
To determine the size and uniformity of the probe's magnetic fi.eld, 
the magnetic field in the area between the pole tips was mapped in air, 
using an apparatus that has been described before [4]. The field-mapping 
setup consisted of a ten-turn pickup coil, 0.4 mm diameter and 0.25 mm 
long, mounted on a two-axis, computer-controlled positioner. Signals from 
the pickup coil were detected with a two-phase lock-in amplifier, also 
under computer control. The coil was aligned to measure the tangential 
component of the probe's field, i.e., they component of the field in the 
x-y plane, as shown in Fig. 2. 
Table 1 . Mechanical and Electrical Parameters of UFEC Probes NBS I and 
NBS II. 
NBS I NBS II 
ID (mm) 4.6 4.6 
OD (mm) 9.5 9.5 
Width (mm) 3.2 3.2 
Number of turns (AWG 44) 100 70 
~r 1500 1500 
Inductance (~H) 421 112 
w0 ( MHz) on T i 4.5 12.5 
w0 (MHz) in air 3.9 8.5 Quality Factor (Q) 19.5 13.3 
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Fig. 2. 
Fig. 3. 
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Two-dimensional map of the relative magnetic-field intensity 
between the poles of the NBS UFEC probe. One-half of the area 
between the two poles is mapped from the center of the probe in 
the foreground to the tip of the pole in the background. 
0 
Two-dimensional map of the relative magnetic-field intensity 
between the poles of a probe with unshaped pole tips. 
For the field-mapping experiments, the probes were driven with a 
25-mA ac signal at 100 kHz. With reference to Fig. 2, the probe was 
scanned in a raster along the x direction, starting at the center of the 
probe, and incrementing in the y direction until the pickup coil reached 
the tip of the probe. Only one-half of the probe was scanned. The results 
of such a scan of the UFEC probe are shown in Fig. 2 as a three-dimensional 
plot of the relative magnetic-field intensity, normalized to 100 at the 
center of the probe. The scan coordinates are normalized by d, which is 
half the distance between the probe tips. Contours of constant field 
intensity are plotted on the floor of the field map in Fig. 2. The contour 
plot shows that there is a broad region in the center of the probe where 
the field is constant to within 10 percent. For contrast, Fig. 3 shows a 
similar field map for a probe that did not have its feet shaped and 
chamfered. The superior uniformity of the design with shaped pole tips is 
obvious. 
We also measured the x component of the probe's magnetic field along 
the z axis. These measurements revealed a very strong gradient of the 
field along this direction, and a relatively large amount of flux leakage 
inside the horseshoe. By distributing the windings over the entire body of 
the probe and chamfering the tips, the flux leakage was reduced, thereby 
maximizing the field in the plane of the probe's feet. 
EXPERIMENT 
The UFEC probe was connected in a four-terminal arrangement to an 
automatic network analyzer, which measured the vector impedance of the 
probe at 401 discrete frequencies equally distributed over the frequency 
range of 2-8 MHz. For brevity, only measurements with the high frequency 
probe,.NBS II, will be discussed here. The network analyzer was controlled 
by a laboratory computer, which also controlled an x-y scanner that 
positioned the probe. The head of the scanner had an additional three 
degrees of freedom to aid in precise positioning of the probe: a 
micropositioner to control motion in the z axis, and a platform that could 
be tilted in the x-z and y-z planes. We found it extremely important to 
maintain constant liftoff and tilt during the measurements. 
Flaw signals were measured by recording the impedance of the probe 
over the entire frequency range of interest with the probe centered over 
the flaw, and then again with the probe displaced laterally, at least 10 mm 
from the flaw. The vector difference of the on- and off-flaw impedances 
was then calculated at each frequency and stored. The network analyzer was 
capable of performing signal averaging during a measurement, and we found 
it helpful to average 64 times in our measurements. 
RESULTS AND DISCUSSION 
Fig. 4 shows an example of the results for one measurement on a 
semi-elliptical EDM notch in Ti-6A~-4V, 2.0 mm long, 0.85 rom deep, and 
0.2 mm wide. The magnitude of ~z ranges from 2.3 Q at 2 MHz to 
31.9 Qat 8 MHz. The phase of ~z is fairly constant at low frequencies, 
but begins dropping as the probe's resonant frequency is approached. To 
achieve higher precision, at least five such independent measurements were 
made on each flaw, smoothed with a running ten-point average, and then 
averaged to obtain the final result, illustrated in Fig. 5. We also 
calculated the standard deviation of both the magnitude and phase of ~z. as 
illustrated in Fig. 6. The standard deviation of the magnitude of ~Z 
varies from 6 mQ at 2 MHz to 2.4 Q at 8 MHz. The standard deviation of the 
phase of ~Z remains approximately constant at about 0.8°. 
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Fig. 4. bZ measurement for a semi-elliptical EDM slot in Ti-6At-4V 
(NBS15B). 
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Fig. 5. Average of five independent bZ measurements made on a 
semi-elliptical EDM slot in Ti-6A~-4V. 
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Fig. 6. Standard deviation for five independent bZ measurements made on a 
semi-elliptical EDM slot in Ti-6A~-4V. 
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Fig. 5 shows that the flaw signal increases with frequenpy, following 
the resonance curve of the probe. This phenomenon is well known, and 
follows from the fact that the current I, as measured at the input 
terminals of the probe, remains constant as resonance is approached, while 
current through the coil decreases, owing to the effects of lead capaci-
tance, thus effectively increasing H/IL [1]. Since the signal increases as 
resonance is approached, it might seem best to operate at frequencies close 
to resonance. But, as Fig. 6 shows, the standard deviation also increases 
with the flaw signal, which has an adverse affect on the precision of the 
measurements. We found that by operating far enough below resonance that 
the phase of the probe impedance, Z, was greater than 80 degrees, an 
acceptable precision resulted. 
Sensitivity of the UFEC probe to liftoff and tilt were studied by 
measuring flaw signals as the liftoff and tilt were varied. The same flaw 
shown in Figs. 4-6 was used for this study. Liftoff was varied from 0.1 mm 
to 0.5 mm during a series of measurements, being careful to keep the 
liftoff the same in both the on- and off-flaw locations. The flaw signal, 
~z. remained constant, within experimental error, for all values of the 
liftoff. A similar experiment was performed while the tilt was changed 
over a range of a few degrees. The results of this experiment also 
revealed no change in the flaw signal. This was somewhat surprising, since 
we had experienced considerable difficulty in achieving good repro-
ducibility of measurements unless we carefully controlled these two 
parameters. 
The cause of the liftoff sensitivity was revealed in another 
experiment where we measured the signal ~Z produced by a small change in 
liftoff. The probe was left in one location, away from any flaw, and ~Z 
was measured for a change in height of 10 ~m. This signal was measured as 
a function of height above the test piece. The results are shown in 
Fig. 7, which shows that there is a very steep gradient in the liftoff 
signal as a function of height in the first 0.25 mm above the surface. 
Thereafter, the liftoff signal remains constant, within experimental error. 
But the size of the liftoff signal is very large: 4.6 ohms/~m. This means 
that changes in the height of the probe above the surface as small as a few 
micrometers can give signals as big as typical flaw signals. This 
demonstrates clearly that the liftoff must be held to very close tolerances 
to obtain reliable data. 
The effect of an edge on UFEC probe measurements was studied with the 
probe axis in two different orientations: parallel and perpendicular to 
the edge of a specimen. In the perpendicular orientation, the effects of 
the edge became apparent when the center of the probe was about 18 mm from 
the edge. It was slightly more sensitive in this orientation than in the 
parallel orientation, where effects were not noticeable until the probe was 
about 15 mm from the edge. 
A "no-flaw" measurement was made with the probe in the same position, 
away from a flaw, to determine the noise level. For the magnitude of ~z. 
the amplitude of the noise varied from 0.025 n at 2 MHz to 0.35 n at 8 MHz. 
For a flaw 1.5 mm long, this noise level would yield a signal-to-noise 
ratio of approximately 10 at 2 MHz and 90 at 8 MHz. 
Finally, in Fig. 8, we show the results of a series of measurements on 
five semi-elliptical EDM slots in Ti-6Ai-4V. The dimensions of the flaws 
are given in Table 2. Experimental results in Fig. 8 are shown as solid 
lines; the symbols represent theoretical predictions based on Auld's 
uniform field theory. The probe was calibrated with a cylindrical recess, 
as described in more detail in [3]. We found excellent agreement between 
theory and experiment for the three larger flaws (A-C). For the smaller 
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Fig. 8. 
Specimen 
ID 
NBS15A 
NBS15B 
NBS15C 
NBS15D 
NBS15E 
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Comparison of measured and calculated flaw signals for five 
semi-elliptical EDM slots in Ti-6Ai-4V . Flaw dimensions are 
listed in Table 2. 
Table 2. Semi-Elliptical EDM Slots in Ti-6Ai-4V. 
Length Width 
( mm) (mm) 
2. 48 0.16 
2. 01 0. 20 
1.60 0.12 
1.1 8 0.1 2 
0.61 0.1 0 
Depth 
( mm) 
1.05 
0.85 
0 . 63 
0.40 
0.33 
flaws, D and E, theory and experiment diverged significantly, but this was 
because, for flaw D, a/6 is 1.6 at 7 MHz and decreases with frequency from 
that point. For the smallest flaw, E, a/6 never exceeds 1. This suggests 
that even these small flaws could be measured if the probe could be 
operated at 15 MHz. 
CONCLUSIONS 
We have discussed the constraints and trade-offs involved in designing 
a uniform field eddy current probe intended for quantitative flaw 
inversion. Two probes were fabricated to cover the frequency ranges of 
0.5-4 MHz and 2-8 MHz. We found that shaping the pole tips of the ferrite 
probe improved the size and uniformity of the field's spatial distribution, 
as shown by the results of field mapping. We achieved a uniformity within 
ten percent over an area of 2.4 x 2.2 mm. 
The probe was found to be relatively insensitive to the amount of tilt 
or liftoff as long as it remained constant during the measurement. On the 
other hand, the probe was extremely sensitive to changes in either tilt or 
liftoff during the measurements. A signal of 4 0 resulted from only 1 ~m 
of vertical motion. This means that extremely precise control of probe 
positioning is necessary. 
The probes were used successfully for quantitative measurements on 
surface-connected flaws in A~ and Ti alloys. The size of the uniform field 
enabled us to measure flaws as long as 3 mm. The smallest flaws that could 
be accurately measured were 1 mm long and 0.4 mm deep. Smaller flaws would 
require a higher frequency of operation to achieve a/6 > 1 .6, a limit that 
was determined empirical~y in this study. 
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